Although peroxisome proliferator-activated receptor-γ (PPARγ) coactivator 1α (PGC-1α) is a well-established transcriptional coactivator for the metabolic adaptation of mammalian cells to diverse physiological stresses, the molecular mechanism by which it functions is incompletely understood. Here we used in vitro binding assays, X-ray crystallography, and immunoprecipitations of mouse myoblast cell lysates to define a previously unknown capbinding protein 80 (CBP80)-binding motif (CBM) in the C terminus of PGC-1α. We show that the CBM, which consists of a nine-amino-acid α helix, is critical for the association of PGC-1α with CBP80 at the 5 ′ cap of target transcripts. Results from RNA sequencing demonstrate that the PGC-1α CBM promotes RNA synthesis from promyogenic genes. Our findings reveal a new conduit between DNA-associated and RNA-associated proteins that functions in a cap-binding protein surveillance mechanism, without which efficient differentiation of myoblasts to myotubes fails to occur.
Peroxisome proliferator-activated receptor-γ (PPARγ) coactivator 1α (PGC-1α), PGC-1β, and the PGC-related coactivator (PRC) comprise the PGC-1 family of transcriptional coactivators that broadly reprograms gene expression to mediate complex cellular adaptations (e.g., see Correia et al. 2015; Martínez-Redondo et al. 2015) . These coactivators rapidly promote mitochondrial energy-generating functions in response to physiological stresses that include exercise, nutrient deprivation, and reactive oxygen species; i.e., cellular environments that become bioenergetically suboptimal with aging and disease (Villena 2015; Kadlec et al. 2016) . In particular, elevated PGC-1α levels in the skeletal muscles of transgenic mice subjected to exercise or muscle injury promote oxidative fiber formation at the expense of glycolytic fiber formation (Lin et al. 2002) , improve exercise performance (Calvo et al. 2008) , increase mass muscle and strength as well as resistance to muscle wasting (Ruas et al. 2012) , and augment early steps in the activation and proliferation of adult muscle stem cells (Dinulovic et al. 2016) .
Domain organization within PGC-1α and PGC-1β is largely conserved (Michael et al. 2001; Martínez-Redondo et al. 2015; Villena 2015; Long et al. 2016) . First, an N-terminal activation domain (AD) binds several transcription factors, including nuclear receptors (NRs), and recruits histone acetyltransferases (HATs), such as p300, to loosen chromatin and facilitate transcription preinitiation complex formation. Second, a middle region contains regulatory domains that bind additional transcription factors, including the myocyte-specific enhancer factor 2C (MEF2C) and the transcriptional suppressor p160. Third, a C-terminal region harbors one or two arginine-serinerich regions (the RS domain) that recruit Mediator via its MED1 subunit to activate transcription and also bind RNA. This RS domain is followed by an RNA recognition motif (RRM) of unknown function.
Cap-binding protein 80 (CBP80) and CBP20, which constitute the prototypical heterodimeric cap-binding complex (CBC), bind the 7-methyl guanine "cap" structure that is added to the 5 ′ end of elongating RNA polymerase II (RNAPII)-synthesized transcripts, including pre-mRNAs and long noncoding RNAs such as enhancer RNAs (eRNAs) (Guttman et al. 2009 ). The CBC has known roles in virtually every step of mammalian gene expression (Gonatopoulos-Pournatzis and Cowling 2014): initiation of gene transcription, pre-mRNA splicing, pre-mRNA 3 ′ end processing, nuclear mRNA export to the cytoplasm, and the pioneer round of translation as well as nonsensemediated mRNA decay.
More than 20 years ago, a yeast two-hybrid screen for human proteins that bind human CBP80 identified nuclear cap-binding protein-interacting protein 2 (NIP2) (Kataoka et al. 1995) , which we report here is PGC-1β. We mapped the CBP80-binding domain of PGC-1β to an α helix in the extreme PGC-1β C terminus, for which we present the 2.68 Å-resolution X-ray crystal structure in complex with CBC-m 7 GpppA. Given our findings that PGC-1β and PGC-1α bind CBP80 using an identical α helix, we focused on the functional significance of the PGC-1α CBP80-binding motif (CBM), since PGC-1α function is better characterized than PGC-1β function. We demonstrate that the PGC-1α CBM is required for PGC-1α to associate in cells with the cap of transcripts synthesized from PGC-1α-inducible gene targets in a way that is critical for the PGC-1α-mediated activation of gene transcription. Our findings define PGC-1α as a new conduit through which DNA-associated and RNA-associated proteins control the quality of PGC-1α CBM-responsive gene expression and myogenesis.
Results

PGC-1β interacts directly with CBP80 via a C-terminal nine-amino-acid α helix
Yeast two-hybrid results (Kataoka et al. 1995) had revealed that full-length human CBP80 interacts with the ∼270 Cterminal residues of human PGC-1β (Fig. 1A) . To better define this interaction, we showed using GST pull-downs that GST-PGC-1β deletion variants lacking the 30 C-terminal amino acids 994-1023 fail to interact with CBP80 ( Fig. 1A,B) . Additional pull-downs demonstrated that PGC-1β amino acids 999-1023 are sufficient to interact with CBP80 (Supplemental Fig. S1A ). The PSIPRED Web server (Buchan et al. 2013) predicted that an α helix spans PGC-1β amino acids 1010-1020 (Supplemental Fig. S1B ). In support of this prediction, circular dichroism spectroscopy demonstrated that amino acids 1009-1021 exhibit an α-helical structure (26% α-helicity), as evidenced by the presence of a pronounced negative band at 215-222 nm and a positive band at 190-195 nm (Supplemental Fig. S1C ) in the presence of the secondary structure-inducing solvent trifluoroethanol (Nelson and Kallenbach 1986) . Thus, we synthesized a set of peptides encoding PGC-1β amino acids 1009-1021 in which each nonalanine residue was individually mutated to alanine. Results of fluorescence polarization competition assays revealed that amino acids F1011, D1012, L1014, and L1015 are critical for PGC-1β binding to a preformed complex of CBP80-CBP20; i.e., the CBC (Supplemental Fig. S1D , see PGC-1β-3A, PGC-1β-4A, PGC-1β-6A, and PGC-1β-7A). Reduced affinity by mutating A1018 to a potential α-helical-disrupting glycine (Supplemental Fig. S1D , see PGC-1β-10G) provided additional evidence that PGC-1β binding to the CBC could rely on the integrity of this predicted Cterminal α helix, which we define as the CBM (see below).
To better define the protein-protein interface of PGC-1β bound to cap-bound CBC, we solved the structure of a synthetic PGC-1β peptide spanning amino acids 994-1023 cocrystallized with a complex of CBC-m 7 GpppA at 2.68 Å resolution and with refinement statistics of 0.18/0.24 R model /R free (Supplemental Table S1 ). m 7 GpppA is analogous to the cap in 5 ′ -5 ′ linkage to the first transcribed adenine nucleotide of an RNAPII-synthesized RNA. The crystal structure of CBP80 in a complex of CBC-m 7 GpppG (Protein Data Bank [PDB] ID 1H2V) (Mazza et al. 2002b ) provided a molecular replacement search model for our structure, to which we added CBP20 from a different CBC-m 7 GpppG crystal structure (PDB ID 1N52) (Calero et al. 2002 ). Structural refinement revealed electron density corresponding to an expected α helix at PGC-1β positions 1011-1019 ( Fig. 1C; Supplemental Fig. S1E ). Strikingly, residues F1011-D1012, L1014-L1015, and A1018 of the PGC-1β CBM identified in fluorescence polarization competition assays (Supplemental Fig. S1D ) directly face CBP80 and are positioned on a lipped shelf generated by the first two α helices of CBP80 and the loop that joins them ( Fig. 1C; Supplemental Fig. S1F ). Binding is largely hydrophobic: CBM residue F1011 interdigitates with CBP80 residues L34, K37, and V38; CBM residue D1012 interacts with CBP80 loop residues, including S42 and C44, that join CBP80 α helices 1 and 2; CBM residue L1014 interacts with CBP80 residues H30, L34, and K37; CBM residue L1015 interacts with CBP80 residues L34, G52, L53, and V56; and CBM residue A1018 interacts with CBP80 residues H30 and V56 (Fig. 1C) . Of note, PGC-1β residues 993-1010 and 1020-1023 are likely disordered, since they lacked discernable electron density, making them unsuitable for modeling. Additionally, the K41-C44 loop of CBP80 that interacts with CBM residue D1012 was difficult to model, consistent with its high B factors that reflect potential flexibility or structural variability.
Superimposing the previously published crystal structure of CBC-m 7 GpppG (PDB ID 1N52) (Calero et al. 2002) on our crystal structure of PGC-1β CBM-CBCm 7 GpppA (Fig. 1C) suggests that PGC-1β CBM binding to CBP80 does not appreciably affect the conformation of the CBC (Supplemental Fig. S1G ) and thus CBC binding to the cap. Moreover, unlike the CBP20 RRM, the PGC-1β RRM failed to bind the cap analog 7-methyl-GTP (Supplemental Fig. S1H ), indicating that it does not directly bind RNA caps. Altogether, our results indicate that the PGC-1β CBM (1) binds CBP80 alone ( Fig. 1A,B ; Supplemental Fig. S1A ) and CBP80 in complex with cap-free CBP20 (Supplemental Fig. S1D ) or cap-bound CBP20 (Fig. 1C) , (2) does not affect CBC binding to the cap (Supplemental Fig. S1G ), and (3) does not directly bind the cap (Supplemental Fig. S1H ).
PGC-1β interacts with CBP80 in cells via its CBM
Turning to a more physiological context, anti-Flag immunoprecipitations of lysates of human breast adenocarcinoma MCF-7 cells transiently expressing either 3x-Flag-tagged full-length human PGC-1β-i.e., wildtype Flag-PGC-1β [Flag-PGC-1β(WT)]-or a 3x-Flag-tagged human PGC-1β variant lacking the CBM and the remaining four C-terminal residues-i.e., Flag-PGC-1β (ΔCBM)-at the physiological level revealed that the CBM is required for PGC-1β to associate with CBP80 in cells ( Fig. 1D,E ; Supplemental Fig. S1I ; Supplemental Table S2). Importantly, the coimmunoprecipitation (co-IP) of CBP80 with Flag-PGC-1β(WT) was resistant to RNase I treatment, demonstrating that the interaction is not bridged or stabilized by RNA. We also found that Flag-PGC-1β(WT), but not Flag-PGC-1β(ΔCBM), coimmunoprecipitates with CBP20 in an RNase I-sensitive manner, consistent with our finding that PGC-1β binding to CBP20 is not direct and is mediated by CBP80.
We next performed anti-Flag immunoprecipitations of lysates of MCF-7 cells transiently expressing at the physiological level either 3x-Flag-tagged full-length human CBP80 [i.e., Flag-CBP80(WT)] or one of two 3x-Flag-tagged human CBP80 variants ( Fig. 1F; Supplemental Fig. S1J ). One variant, Flag-CBP80(Δ1-44), lacks the first N-terminal α helix that interacts with the PGC-1β CBM, and the other variant, Flag-CBP80(9Mut), harbors an alanine at each of the nine amino acids that directly contact the PGC-1β CBM. While PGC-1β coimmunoprecipitated with Flag-CBP80(WT) in an RNase I-insensitive manner, PGC-1β failed to coimmunoprecipitate with either Flag-CBP80 variant (Fig. 1G) . Notably, CBP20 binding to GpppA, where the box encompasses the PGC-1β-CBP80 interface that is enlarged at the left. (Green) CBP80; (blue) CBP20; (black) m 7 GpppA; (golden brown) PGC-1β peptide, which includes the nine (FDSLLKEAQ) amino acids at residues 1011-1019 that comprise the CBM. The residues of CBP80 and PGC-1β that interact are detailed and labeled. CBM residue A1018 was omitted because it is hidden under the α-helix ribbon. Flag-CBP80 was unaffected by the mutations in either variant (Fig. 1G) , reinforcing the idea that PGC-1β binding to CBP80 does not destabilize the CBC. Taken together, these co-IP experiments confirm that cellular PGC-1β and CBC bind via the C-terminal α helix of PGC-1β and the N-terminal α helices of CBP80, which we call the PGC-1-dependent AD (see below).
The CBM is conserved in PGC-1α and mediates binding to CBP80 in cells
To investigate the biological significance of the CBM, we turned to human PGC-1α and, ultimately, mouse PGC-1α, the latter of which has a better-characterized network of coactivated transcripts than does either human PGC-1β or human PGC-1α. Pull-downs of GST-tagged human PGC-1α deletion variants demonstrated that C-terminal amino acids 768-798 of PGC-1α are necessary for binding to CBP80 ( Fig. 2A,B) . From these data and the observations that the nine-amino-acid sequence defining the CBM of PGC-1β is conserved in PGC-1α (Supplemental Fig. S1B ) and that the C-terminal end of PGC-1α, like that of PGC-1β, forms an α helix in solution (Supplemental Fig. S1C) and binds the CBC (Supplemental information), we conclude that the human PGC-1α CBM consists of amino acids 785-793. Important to subsequent experiments in this study, human PGC-1α and mouse PGC-1α are 95% identical, and there are no amino acid differences spanning the last 158 C-terminal amino acids between the two proteins.
Corroborating our in vitro results, immunoprecipitations of cellular CBP80 coimmunoprecipitated the longest and CBM-containing PGC-1α isoform (Supplemental Fig. S2A ) and, as a positive control, CBP20 from lysates of mouse C2C12 myoblasts (MBs) either without or with formaldehyde cross-linking prior to lysis and in an RNase I-resistant manner (Supplemental Fig. S2B ). Thus, binding of this CBM-containing PGC-1α isoform to CBP80 is robust, occurs in intact cells, and is stable after cellular RNA degradation. As a control, RNase I was shown to be active by the failure of poly(A)-binding protein C1 (PABPC1) to coimmunoprecipitate with CBP80 in the presence of RNase I. Furthermore, PGC-1α coimmunoprecipitated with CBP80(WT) but not CBP80(Δ1-44) or CBP80(9Mut) in MCF-7 cell lysates ( Additional immunoprecipitation experiments revealed that nuclear PGC-1α coimmunoprecipitated levels of CBP80 and CBP20 nearly similar to those coimmunoprecipitated by total-cell PGC-1α, indicating that PGC-1α and the CBC interact largely in the nucleus ( Fig. 2C ; Supplemental Fig. S2C ). Consistent with our previous findings with PGC1β, anti-PGC-1α immunoprecipitated CBP80 in a RNase I-insensitive manner and CBP20 in an RNase I-sensitive manner (Fig. 2C) . Furthermore, tandem anti-Flag immunoprecipitation followed by anti-PGC-1α immunoprecipitation using lysates of C2C12 MBs expressing Flag-CBP80(WT) demonstrated that PGC-1α associates with CBP80 and CBP20 in the same complex (Fig. 2D) .
To determine whether the CBM or other functional domains of PGC-1α are responsible for its binding to the CBC in cells, we transiently expressed a series of 3x-Flag-tagged PGC-1α variants in C2C12 MBs in which PGC-1α was knocked down. To generate PGC-1α knockdown C2C12 MBs, MBs were stably transduced with a lentivirus expressing PGC-1α shRNA so as to down-regulate cellular PGC-1α to 30% of its normal level (Supplemental Fig.  S2A ). We investigated the following PGC-1α variants of the major PGC-1α isoform in C2C12 MBs ( Fig. 2E ):
(1) Flag-PGC-1α(K779R), in which the K779 methylation site is replaced by an arginine, which has been shown to limit PGC-1α binding to eRNAs in C2C12 myotubes (MTs) (Aguilo et al. 2016) ; (2) Flag-PGC-1α(NR Mut), in which the N-terminal LKKLL NR-binding motif is mutated to AKKAA so as to block PGC-1α binding to NRs and the recruitment of PGC-1α to NR-responsive promoters (Kressler et al. 2002) ; (3) Flag-PGC-1α(ΔCBM), which lacks the CBM and remaining five C-terminal residues; (4) Flag-PGC-1α(ΔCBM + ), which lacks the CBM and 14 residues upstream of the CBM, including K779; (5) Flag-PGC-1α (CBM 5Mut), which harbors five amino acid changes in the CBM that we found alter binding to CBP80; (6) Flag-PGC-1α(ΔRRM), which lacks the RRM; (7) Flag-PGC-1α (ΔRS), which lacks the RS domain; and (8) Flag-PGC-1α (ΔRS, ΔCBM), which lacks the RS domain, the CBM, and the remaining five C-terminal residues. Importantly, Flag-PGC-1α(WT) and each variant were expressed in PGC-1α knockdown C2C12 MBs at the physiological level ( Fig. 2F,G; Supplemental Fig. S2D ). Anti-Flag immunoprecipitations of the K779R or NR Mut variant coimmunoprecipitated CBP80 and CBP20 with the same efficiency and RNase I (in)sensitivity as PGC-1α(WT) (Fig. 2F) , indicating that blocking K779 methylation or disrupting the interaction of PGC-1α with NRs does not affect the binding of PGC-1α to the CBC in C2C12 MBs. Anti-Flag immunoprecipitations of the four variants in which the CBM is removed (i.e., ΔCBM, ΔCBM + , or ΔRS, ΔCBM) or mutated (CBM 5Mut) failed to coimmunoprecipitate CBP80 and CBP20, as expected ( Fig. 2F,G; Supplemental Fig. S2D ).
In control experiments, PGC-1α(WT), PGC-1α(ΔCBM), and PGC-1α(CBM 5Mut) manifested a similar subcellular localization (Supplemental Fig. S2E, top) .
Relative to the immunoprecipitation of PGC-1α(WT), immunoprecipitation of the ΔRRM variant significantly reduced the co-IP of CBP80 and CBP20 (Fig. 2F) , and, in the case of the ΔRS variant, the co-IP of CBP80 became RNase I-sensitive (Fig. 2G) . Importantly, PGC-1α(ΔRRM) and PGC-1α(ΔRS) were enriched in and depleted from, respectively, the chromatin fraction; i.e., where PGC-1α functions in transcription (Supplemental Fig. S2E , bottom). Taken together, these results indicate that, in addition to the CBM directly binding CBP80, the RRM and RS domain may involve other protein-protein and/or protein-RNA interactions that control the subcellular localization of PGC-1α and/or directly stabilize its association with the CBC in cells. Notably, neither Flag-PGC-1α(WT) nor any of the variants coimmunoprecipitated with eukaryotic translation initiation factor 4E (eIF4E) (Fig. 2F,  G) , indicating that PGC-1α is removed from newly synthesized transcripts by the time the CBC is replaced by eIF4E and thus is not associated with the bulk of translationally active cytoplasmic mRNAs (Lejeune et al. 2002; Sato and Maquat 2009 ). These results are consistent with our previous observation that PGC-1α and CBP80 largely associate in the nucleus (Fig. 2C ).
PGC-1α associates with the cap of nascent transcripts via its CBM
Since PGC-1α interacts with the CBC in cells, we tested whether PGC-1α physically associates with transcripts whose synthesis it directly regulates. Chromatin immunoprecipitation (ChIP) coupled to quantitative PCR (ChIP-qPCR) using C2C12 MTs revealed that PGC-1α binds to the promoters of genes encoding the metabolic enzymes isocitrate dehydrogenase 3b (IDH3B), 6-phosphofructokinase (PFKL), and sirtuin 5 (SIRT5) as well as to regions situated ≥4 kb upstream of each gene that produce eRNAs (Supplemental Fig. S3A ; Aguilo et al. 2016) . Consistent with these results, RT-qPCR revealed that anti-PGC-1α immunoprecipitates Idh3b, Pfkl, and Sirt5 pre-mRNAs, mRNAs, and their corresponding eRNAs but not Hprt or β-Actin pre-mRNAs and mRNAs, which are not regulated by PGC-1α [ Fig. 3A + RNA]. Importantly, tandem anti-Flag-CBP80 immunoprecipitation followed by anti-PGC-1α immunoprecipitation using lysates of C2C12 MBs expressing Flag-CBP80 (WT) demonstrated that PGC-1α associates with its responsive transcripts but not nonresponsive transcripts in complex with CBP80 (Fig. 3C,D) .
Using the same transfection conditions that were used to test the importance of PGC-1α domains for the interaction of PGC-1α with CBP80 and with a focus on potential RNP-interacting domains-i.e., the CBM, the RS domain, and the RRM-that contribute to the association of PGC-1α with CBP80 in cells (Fig. 2F,G) , RT-qPCR after antiFlag immunoprecipitation demonstrated that the CBM is required for most, if not all, of PGC-1α binding to its target pre-mRNAs, mRNAs (Fig. 3E,F) , and eRNAs (Supplemental Fig. S3G ). In general, deleting the PGC-1α RRM or RS domain moderately limited PGC-1α binding to target transcripts ( Fig. 3E,F; Supplemental Fig. S3G ), reflecting roles for these domains in the association with CBP80 in cells. Deleting both the CBM and the RS domain completely abolished binding ( Fig. 3E,F ; Supplemental Fig. S3G ), confirming that the CBM and the RS domain cooperate in PGC-1α binding to target transcripts.
Given that the CBM of PGC-1α associates with the capbinding protein CBP80 in vitro and in vivo and that PGC-1α binds responsive transcripts in complex with CBC, we hypothesized that PGC-1α associates in cells with the cap of transcripts synthesized from PGC-1α target genes. To test this, RNase H was used to cleave nucleotides 6-22 of Idh3b, Pfkl, and Sirt5 pre-mRNPs and mRNPs (Fig.  3G ) in anti-Flag immunoprecipitates using lysates of PGC-1α knockdown MBs expressing Flag, Flag-PGC-1α (WT), or Flag-PGC-1α(ΔCBM). Site-specific RNase H cleavage (Kurosaki and Maquat 2013) , which was directed using a mixture of three antisense DNA oligonucleotides while RNPs were associated with anti-Flag-bound beads, had no effect on immunoprecipitation efficiencies (Supplemental Fig. S3H ) and was deemed complete, as evidenced by the loss of RT-qPCR products that spanned each cleavage site in anti-Flag-PGC-1α(WT) immunoprecipitations (Supplemental Fig. S3I ). As controls for cleavage specificity, the mixture of the three oligonucleotides failed to promote RNase H-mediated cleavage of premRNA or mRNA from the heme oxygenase 2 (Hmox2) gene, which is also PGC-1α-responsive (Aguilo et al. 2016 ) and thus encodes transcripts that would be retained on beads along with the other PGC-1α target transcripts (Supplemental Fig. S3I) .
Results demonstrated that co-IP of the bodies of the three PGC-1α-responsive pre-mRNAs and their corresponding mRNAs, but not uncleaved control Hmox2 pre-mRNA and mRNA, with Flag-PGC-1α(WT) is abolished after RNase H treatment ( Fig. 3H,I ; data not shown using additional pairs of primers that amplify the 5 ′ untranslated region [UTR], the coding sequence, or the 3 ′ UTR of Hmox2 mRNA). Importantly, the three antisense DNA oligonucleotides were added to samples that were untreated or treated with RNase H, ruling out the possibility that the interaction of PGC-1α with its target transcripts is disrupted by modification of their 5 ′ UTR structures upon antisense DNA oligonucleotide annealing. We conclude that PGC-1α does not bind throughout The mixture of three oligonucleotides, each complementary to nucleotides 6-22 of the denoted transcript, directs RNase H-mediated cleavage so as to remove the 5 ′ cap structure (CAP), including the associated proteins, from the body of the transcript. Assays for RNase H cleavage are presented (Supplemental Fig. S3I ). (H,I ) As in E and F but after anti-Flag immunoprecipitation, the latter in the presence of the oligonucleotide mix and either RNase H (+) or no RNase H (−), where values after anti-Flag-PGC-1α(WT) immunoprecipitation in the absence of RNase H relative to before immunoprecipitation were set to 1. For all histograms, results are means ± SD. n ≥ 3; n = 2 for H and I. ( * ) P < 0.05; ( * * ) P < 0.01; (no asterisks) P > 0.05 (i.e., not significant) compared with control immunoprecipitation (A-D), compared with PGC-1α knockdown C2C12 MBs expressing Flag-PGC-1α(WT) (E,F ), or compared with minus RNase H treatment (H,I ) by a two-tailed unpaired Student's t-test.
the bodies of target transcripts but at their 5 ′ ends, where the cap and the CBC reside. However, we do not rule out that the RRM and/or the RS domain of PGC-1α, the latter of which was found recently to bind RNA (Long et al. 2016) , may facilitate or stabilize the PGC-1α CBM-CBP80 interaction by binding to the 5 ′ -most ∼5 nucleotides (nt) of target transcripts (which were not removed by RNase H treatment) or transiently binding the bodies of the nascent pre-mRNAs as they are synthesized.
The CBM controls the transcriptional activity of PGC-1α
Considering the critical role of the CBM in PGC-1α binding to the 5 ′ cap of pre-mRNAs synthesized from PGC-1α-responsive genes, we tested whether this motif is also key to PGC-1α-mediated transcriptional activation. In control experiments we demonstrated using RT-qPCR that expressing Flag-PGC-1α(WT) in PGC-1α knockdown C2C12 MBs restores the levels of target pre-mRNAs, mRNAs, and eRNAs to those in wild-type C2C12 MBs ( Fig. 4A,B ; Supplemental Fig. S4A); i.e., Flag-PGC-1α (WT) can functionally replace cellular PGC-1α. Similar analyses of PGC-1α(ΔCBM) and PGC-1α(CBM 5Mut) revealed that each failed to support the expression of these transcripts ( Fig. 4A,B; Supplemental Fig. S4A ). PGC-1α knockdown and replacement with Flag-PGC-1α(ΔCBM) or PGC-1α(CBM 5Mut) did not decrease the level of mRNAs more than the levels of pre-mRNAs, indicating that the PGC-1α CBM promotes gene expression at the transcriptional level. To validate this hypothesis, we assessed the decay rates of the PGC-1α-responsive mRNAs under conditions where transcription was blocked using actinomycin D (ActD). We found that PGC-1α knockdown or its replacement with Flag-PGC-1α(ΔCBM) or PGC-1α(CBM 5Mut) did not detectably decrease the half-lives of the relatively stable Idh3b and Pfkl mRNAs, which manifested half-lives of >10 h under all conditions tested, or the half-life of the more labile Sirt5 mRNA (Supplemental Fig. S4B ).
To further confirm that PGC-1α(CBM)-dependent gene expression relies on the ability of PGC-1α to bind CBP80, we analyzed C2C12 cells in which endogenous CBP80 was down-regulated to 10% of normal and replaced with either Flag, Flag-CBP80(WT), or one of Flag-CBP80 variants (Supplemental Fig. S4C ). Compared with Flag-CBP80(WT), neither Flag-CBP80(Δ1-44) nor Flag-CBP80 (9Mut) supported the expression of PGC-1α-responsive genes ( Fig. 4C,D; Supplemental Fig. S4D ). In these experiments, RNA levels were normalized to the level of U1 snRNA, which is unaltered by transient CBP80 down-regulation (Pabis et al. 2013) . These results validate the functional relevance of the interaction between PGC-1α and CBP80 in the transcription of PGC-1α-responsive genes.
To extend our studies beyond the three PGC-1α-responsive gene loci, we aimed to determine the extent to which the PGC-1α CBM globally regulates the C2C12 MB transcriptome. Thus, we used RNA sequencing (RNA-seq) to compare transcripts in wild-type C2C12 MBs and PGC-1α knockdown C2C12 MBs expressing Flag alone, Flag-PGC-1α(WT), or Flag-PGC-1α(ΔCBM). Hierarchal clustering of genes whose expression was affected by PGC-1α knockdown and rescued by Flag-PGC-1α(WT) and/or Flag-PGC-1α(ΔCBM) identified six groups of genes that Figure S2D . (C,D) As in A and B but using lysates of C2C12 MBs transiently cotransfected with either control or CBP80 siRNA and with plasmid encoding the specified siRNA-resistant Flag-CBP80 variant or Flag alone (−). pre-mRNA and mRNA levels were normalized to the level of U1 snRNA. (E) Heat map of hierarchically clustered mRNA expression from RNA sequencing (RNA-seq) analyses of the specified cells: wildtype C2C12 MBs expressing either Flag (−) or PGC-1α knockdown C2C12 MBs expressing Flag (−), Flag-PGC-1α(WT), or Flag-PGC-1α(ΔCBM). Shown are genes whose expression was significantly affected by PGC-1α knockdown and significantly rescued by Flag-PGC-1α(WT) and/or Flag-PGC-1α(ΔCBM). The color key represents row-scaled expression values. For all histograms, results are means ± SD. n = 3. ( * ) P < 0.05; ( * * ) P < 0.01 by a two-tailed unpaired Student's t-test.
are differentially regulated (Fig. 4E) . Clusters 1-3 and clusters 4-6 comprise genes whose expression is downregulated or up-regulated, respectively, by PGC-1α knockdown. We focused our attention on clusters 1-3 for two reasons: The literature describes PGC-1α largely as a transcriptional coactivator, and we characterized the binding of PGC-1α to pre-mRNAs and mRNAs that are up-regulated by PGC-1α. While the expression of most PGC-1α target genes in clusters 1-3 was restored in C2C12 PGC-1α knockdown MBs expressing Flag-PGC-1α(WT) (Fig. 4E , cf. clusters 1-2 and clusters 1-3), our finding that the expression of <25% of PGC-1α target genes was restored by Flag-PGC-1α(ΔCBM) but not by Flag-PGC-1α(WT) (Fig.  4E , cf. cluster 3 and clusters 1-3) indicates that some (i.e., <25%) of the PGC-1α target genes can be specifically regulated by PGC-1α isoforms that lack the CBM. Nevertheless, our finding that the expression of >75% of PGC-1α target genes that was restored by Flag-PGC-1α(WT) was not restored by Flag-PGC-1α(ΔCBM) (Fig. 4A , cf. cluster 2 and clusters 1-2) validates that the CBM is critical for the activation of the majority of genes that are responsive to the major and longest CBM-containing PGC-1α isoform.
PGC-1α promotes the differentiation of C2C12 MBs to MTs via its CBM
Gene ontology (GO) analyses of genes that are transcriptionally induced by PGC-1α via its CBM (Supplemental Table S3 ) revealed a significant enrichment in genes associated with "muscle structure development" (GO: 0061061) and, more particularly, "regulation of striated muscle differentiation" (GO: 0051146) ( Fig. 5A ; Supplemental Fig. S5A ). Thus, we hypothesized that the previously observed dependence of C2C12 MB differentiation into MTs on PGC-1α (Baldelli et al. 2014 ) requires the PGC-1α CBM and that differentiation would be impaired if PGC-1α were replaced by PGC-1α(ΔCBM).
To test this hypothesis, we first used RT-qPCR to validate RNA-seq data indicating that the expression of premRNAs and mRNAs encoded by four PGC-1α CBM-reliant target genes, which have also been shown to be bound by Flag-PGC-1α(WT) in MTs (Baresic et al. 2014) , are upregulated in a CBM-dependent manner. These genes encode proteins called the master early differentiation factor paired-box 7 (PAX7), salt-inducible kinase 1 (SIK1), SET and MYND domain-containing 1 (SMYD1), and growth differentiation factor 15 (GDF15). Results indicated that the pre-mRNAs and mRNAs encoding all four promyogenic proteins are down-regulated in PGC-1α knockdown MBs expressing Flag alone, Flag-PGC-1α(ΔCBM), or Flag-PGC-1α(CBM 5Mut) relative to either wild-type MBs or PGC-1α knockdown MBs expressing Flag-PGC-1α(WT) (Fig. 5B,C , where pre-mRNA and mRNA encoded by the mitochondrial uniporter [Mcu] gene served as negative controls). Of note, the stability of these short-lived promyogenic mRNAs was generally not affected under the different conditions tested (Supplemental Fig. S5B ). Additionally, expression of the corresponding genes was not supported by Flag-CBP80(Δ1-44) or Flag-CBP80(9Mut) (Supplemental Fig. S5C,D) , further confirming that their transcription relies on the direct interaction between PGC-1α and CBP80.
Next, we cultured PGC-1α knockdown MBs in differentiation medium to induce their maturation into MTs. Results using RT-qPCR revealed that the differentiationinduced expression of the four selected PGC-1α CBM-dependent promyogenic pre-mRNAs and mRNAs was strongly inhibited in PGC-1α knockdown MBs expressing Flag-PGC-1α(ΔCBM) relative to PGC-1α knockdown MBs expressing Flag-PGC-1α(WT) (Fig. 5D,E) . Moreover, MBs expressing PGC-1α(ΔCBM) were characterized by a slower differentiation rate relative to MBs expressing Flag-PGC-1α(WT), as evidenced by delayed gain of the MT protein markers myoglobin and myosin heavy chain (MHC) (Fig.  5F ) and delayed formation of multinucleated and elongated MTs (Supplemental Fig. S5E ). We conclude that PGC-1α promotes the differentiation of C2C12 MBs into MTs by up-regulating a specific set of promyogenic genes in a mechanism that involves its CBM binding to the CBC of nascent transcripts that derive from PGC-1α-responsive genes.
Discussion
Here, we demonstrated that PGC-1α promotes the transcription of the large majority of its target genes by interacting with the CBC of nascent transcripts that derive from these genes. This interaction is mediated by a C-terminal motif in PGC-1α that we call the CBM and the Nterminal α helices of CBP80 that we call the PGC-1-dependent AD. Notably, the CBM (which we define based on its primary sequence, its α-helical structure, and its C-terminal position) is also present in PGC-1β as well as the more divergent PGC-1 family member PRC (Supplemental Fig.  S1B ,C; Supplemental information). We propose that PGC-1α CBM binding to the 5 ′ end cap of nascent pre-mRNAs constitutes a type of quality control; i.e., a pre-mRNP surveillance mechanism. This mechanism requires that PGC-1α-responsive genes produce nascent transcripts that not only harbor a 5 ′ end cap but also have CBC bound to the cap in order for PGC-1α to promote gene expression.
We found that the PGC-1α CBM is fully conserved in all examined species ranging from African clawed toads to humans and that only one residue of the CBM that is not required for binding to CBP80 is different in zebrafish, which is the most evolutionarily distant organism that we found harboring a PGC-1α ortholog. This suggests that PGC-1α CBM-mediated gene transcription is conserved in a wide range of animal species. Interestingly, a blastp search identified several proteins bearing the FDXLLXXA sequence, where X can be any residue, and non-X residues are at the CBM-CBP80 interface and mediate the interaction. However, whereas the PGC-1 CBM forms an extended C-terminal α helix whose ability to interact with CBP80 is likely conferred by an upstream flexible linker, the vast majority of BLASTp matches is to different structures and/or positions within the host protein. This is illustrated by SLC3A2, in which 84-FDSLLQSA-91 is included in an internal α helix (PDB ID 2DH2), and APAF1, in which 1120-FDLLL-1124 is part of a loop between β strands (PDB ID 3JBT). Thus, while future studies of proteins harboring this motif as part of a C-terminal α helix (such as in the uncharacterized Bacillus cereus protein Q739P5; PDB ID 5F2H) might elucidate other CBP80-binding proteins, here we limited our analyses to PGC-1 family members.
While our model was initially built on observations made using the pre-mRNAs, mRNAs, and eRNAs of three well-characterized PGC-1α-responsive gene loci in C2C12 MTs (Aguilo et al. 2016) , our RNA-seq analyses enable us to expand this model to >650 PGC-1α(CBM)-responsive genes, including a cohort of promyogenic genes, providing physiological relevance for the CBM-dependent control of transcription. Notably, we found that the CBM regulates most, but not all, PGC-1α-responsive genes in C2C12 MBs. Those genes whose expression level in PGC-1α knockdown cells was restored by PGC-1α(ΔCBM) likely correspond to genes that are specifically regulated by smaller PGC-1α isoforms lacking the CBM. Distinct PGC-1α isoforms may be recruited to distinct promoters (Martínez-Redondo et al. 2016) , and those isoforms lacking the CBM may possibly retain transcriptional activity by their ability to recruit HATs via their N-terminal regions. These smaller isoforms include PGC-1α4, whose overexpression in skeletal muscle has been shown to promote skeletal muscle hypertrophy (Ruas et al. 2012 ). In keeping with data indicating that the CBM functions comparably in PGC-1β, human PGC-1β pre-mRNA undergoes alternative splicing that results in the production of a variant of PGC-1β, PGC-1β-b, in which the CBM-containing C-terminal 33 amino acids of the major isoform are replaced by 27 different residues (Meirhaeghe et al. 2003) . While yet to be characterized, the existence of this intriguing variant suggests that the physiological relevance of the CBM is not limited to PGC-1α but also typifies PGC-1β.
In view of the recent development of low-molecularweight α-helix proteomimetics as potent pharmaceuticals (Chang et al. 2013) , our finding that the CBM forms an α-helical interface with CBP80 offers the possibility of developing new therapeutics that target PGC-1α, PGC-1β, and/or PRC for disorders that include not only cardiovascular diseases but also cancer and metabolic and neurodegenerative pathologies (Villena 2015; Kadlec et al. 2016 ).
Materials and methods
Production and purification of GST, GST-PGC-1β, and GST-PGC-1α proteins BL21-CodonPlus(DE3)-RIPL cells (Agilent Technologies) were transformed using pGEX-6p-1 Escherichia coli protein expression vectors producing GST, GST-PGC-1β, or GST-PGC-1α variants and grown at 37°C with shaking in 250 mL of Luria broth containing 30 µg/mL chloramphenicol and 100 µg/mL ampicillin to an OD 600 of ∼0.5. Cells were then transferred to 18°C with shaking, and plasmid expression was induced by adding 200 µL of 1 M IPTG. Cells were pelleted and stored at −80°C until use. Pellets were resuspended in 1 M NaCl, 25 mM HEPES (pH 7.4), and 10 mM DTT. Each sample was sonicated on ice using a microtip (45 sec on and 45 sec off, three times, using a Bronson Sonifier 250) and centrifuged at 17,000g for 90 min at 4°C. Cleared lysates were divided into halves, and each half was added to two tandem 5-mL GST-Trap HP columns (GE Healthcare) that had been preequilibrated with equilibration buffer (1 M NaCl, 25 mM HEPES at pH 7.4). After washing each column with 25 mL of equilibration buffer, GST-PGC-1β and GST-PGC-1α were eluted with 20 mL of elution buffer (0.33 g of reduced glutathione dissolved in 100 mL of 100 mM NaCl, 10 mM Tris-HCl at pH 8.0). Purified samples were dialyzed overnight to remove glutathione and subsequently concentrated in 150 mM NaCl, 50 mM HEPES (pH 7.5), and 5 mM 2-mercaptoethanol using a Vivaspin 20 centrifugal concentrator (Fisher Scientific). Concentrations of recombinant proteins were estimated after electrophoresis in SDS-polyacrylamide gels using Coomassie blue (Sigma), where serial dilutions of bovine serum albumin (Rockland) provided concentration standards.
Production and purification of CBP20 and CBP80 proteins and formation and purification of the CBC To generate human CBP20, BL21 DE3 E. coli harboring pGEX-6p-1-CBP20 ) were propagated at 37°C with shaking in 1 L of Luria broth that had been supplemented with 50 µg/mL ampicillin. When cells reached an OD 600 of 0.4-0.8, 300 µL of 1 M IPTG was added, and cells were subsequently cultured overnight at 18°C. Cells (from 3 to 6 L) were lysed by sonication in 30 mL of equilibration buffer supplemented with 1 mM DTT, 0.5 mM EDTA (pH 8.0), and a cOmplete Mini Tablet EDTA-free protease inhibitor (Roche). Cells were sonicated on ice, and lysates were centrifuged at 17,000g for 30 min. Cleared lysate was purified as mentioned above. After adding 1 mg of purified PreScission protease (GE Healthcare) to cleave off the GST tag, eluted samples were dialyzed (molecular weight cutoff [MWCO] 12-14,000 kDa; Spectrapor) overnight at 4°C in 2 L of dialysis buffer (50 mM Tris-HCl at pH 8.0, 200 mM NaCl, 2 mM DTT). GST was removed by passage through tandem GST columns. Samples were concentrated in 3-kDa MWCO concentrators (Sartorius) to a concentration <5 mL and then loaded onto a Superdex 200 (GE Healthcare) gel filtration column using a Bio-Rad BioLogic DuoFlow fast protein liquid chromatographer that had been equilibrated with gel column buffer (3 mM DTT, 100 mM NaCl, 25 mM Tris-HCl at pH 8.0). Glycerol was added to a final concentration of 15% to CBP20 fractions that were then flash-frozen in liquid N 2 and stored at −80°C.
To form the CBC, the pellet of SF9 insect cells infected with baculovirus expressing HIS-tagged CBP80(Δ2-23) (Genscript) was resuspended in 40 mL of Q column buffer A (200 mM NaCl, 50 mM HEPES at pH 7.5, 10 mM 2-mercaptoethanol) and sonicated on ice, and lysates were centrifuged at 17,000g for 30 min. Notably, amino acids 2-23 were removed from CBP80 for improved stability (Mazza et al. 2001 (Mazza et al. , 2002a . Cleared lysate was loaded onto a series of three 5-mL Q columns (HiTrap Q HP, GE Healthcare) that had been equilibrated in Q column buffer A and subjected to a gradient from Q column buffer A to Q column buffer B (800 mM NaCl, 50 mM HEPES at pH 7.5, 10 mM 2-mercaptoethanol) using fast protein liquid chromatography (FPLC). Fractions were concentrated as was performed for CBP20 and then separated using a Superdex 200 gel filtration column (GE Healthcare) that had been equilibrated with 50 mM NaCl, 10 mM HEPES (pH 7.5), and 5 mM 2-mercaptoethanol. Fractions containing CBP80 were identified after separation in 4%-20% polyacrylamide (BioRad) followed by Coomassie blue staining.
To form the CBC, purified CBP20 was added to the lysate of SF9 insect cells infected with baculovirus expressing HIS-tagged CBP80(Δ2-23), and the complex was processed as described for CBP80.
GST pull-downs
Equal amounts (298 pmol) of GST, GST-tagged PGC-1α, or GSTtagged PGC-1α fragments and HIS-TEV-tagged CBP80(Δ2-23) were added to 1 mL of a 50:50 slurry of glutathione Sepharose 4B beads (GE Healthcare). Bound material was washed three times using 150 mM NaCl, 25 mM HEPES (pH 7.5), and 5 mM 2-mercaptoethanol and subsequently eluted by boiling in 4× SDS loading buffer (250 mM Tris-HCl at pH 6.8, 400 mM DTT, 8% SDS, 40% glycerol, 0.02% Bromophenol blue).
X-ray crystal structure determination
Crystals of the CBC-PGC-1β m 7 GpppA complex were identified using hanging drop vapor diffusion and condition number 20 (0.2 M magnesium chloride, 0.1 M Tris at pH 7.0, 10% [w/v] polyethylene glycol 8000) of the JCSG + crystallization screen and incubated at 20°C. Crystals were formed by adding 1 µL of complex to 1 µL of reservoir solution to form a drop incubated over 0.8 mL of reservoir solution and in a 24-well crystallization tray. The complex was formed by adding 25 µL of 9.8 mg/mL CBC, 5 µL of 20 µg/mL PGC-1β peptide spanning amino acids 994-1023 (Ac-SEEALPASGKSKYEAMDFDSLLKEAQQSLH, where p-iodo-tyrosine [L-3-I-Tyr] was used in place of Y1006 for possible phasing applications; GenScript) (Xie et al. 2004) , and 1 µL of 10 mM m 7 GpppA (New England Biolabs) in gel filtration buffer (10 mM Tris-HCl at pH 7.5, 50 mM NaCl, 5 mM 2-mercaptoethanol). Crystals grew to as much as 900 µm in length. Crystals were cryoprotected in 50/50 (v/v) paratone N (Hampton Research) and silicon oil (Hampton Research), snap-frozen, and stored in liquid N 2 until used for X-ray diffraction studies. X-ray data collection was performed at Stanford Synchrotron Radiation Lightsource Beamline 12-2 using a wavelength of 0.9553 Å and a PILATUS detector. Diffraction data were processed using autoxds (http://smb.slac .stanford.edu/facilities/software/xds/#autoxds_script). Phenix (Adams et al. 2010 ) was used for molecular replacement and refinement, Coot (Emsley et al. 2010 ) was used for modeling, and figures were generated using University of California at San Francisco (UCSF) Chimera (Pettersen et al. 2004 ). Sigma-A weighted 2mFo-DFc maps were generated using Phenix software (phenix.maps), and electron density was shown using UCSF Chimera 1.01 Å and within 2 Å around the residues and regions shown.
Cell culture, transient transfections, and generation of stable PGC-1α knockdown cells
Mouse C2C12 MBs and HEK293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco) containing 15% fetal bovine serum (Gibco) and 1% penicillin/streptomycin (Gibco). Human MCF-7 breast adenocarcinoma cells were cultured in DMEM (Gibco) containing nutrient mixture F-12 (lacking phenol red), 10% fetal bovine serum (Gibco), and 1% penicillin/streptomycin (Gibco). To generate C2C12 MBs in which PGC-1α or, as a negative control, GFP was stably knocked down, HEK293T cells were transiently transfected with VSV-G plasmid (Addgene, 8454), pCG-gag-pol (Ulm et al. 2007) , and MISSION shRNA pLKO.1-puro vector for PGC-1α (TRCN0000234017: CCGGTCCAGTAAGCACACGTTTATTC TCGAGAATAAACGTGTGCTTACTGGATTTTTG; Sigma) or pRetroSuper-GFP-shRNA, respectively (Brummelkamp et al. 2002) . C2C12 MBs were transduced using the resulting viral supernatants (multiplicity of infection [MOI] of 1) supplemented with 2 µg/mL hexadimethrine bromide (Sigma). After 24 h, cells were selected for resistance to 2 mg/mL puromycin (Gibco), and resistant cells were pooled.
Cells were transiently transfected with the indicated plasmids using Lipofectamine 2000 (Life Technologies) and harvested 32 h later, as described previously (Kurosaki et al. 2014) . When cotransfecting siRNA and plasmid, cells were transiently cotransfected with 50 nM in vitro synthesized siRNA (Dharmacon) and the indicated plasmids using jetPRIME (PolyplusTransfection) and harvested 48 h later. The following siRNA sequence was used for mouse CBP80: 5 ′ -GGGAGGAGAGUGAG GAAUAUU-3
′ . Experiments in which MBs were differentiated into MTs were essentially as described (Wang et al. 2013) . Briefly, MBs were cultured to 95%-100% confluency before the medium was changed to DMEM supplemented with 2% horse serum (Gibco).
Cell lysis and fractionation
Total-cell lysates were prepared using hypotonic gentle lysis buffer (10 mM Tris at pH 7.4, 10 mM NaCl, 10 mM EDTA, 1% [w/w] Triton X-100) Kurosaki and Maquat 2013) containing protease inhibitor cocktail (Roche). Cytoplasmic, nuclear, and chromatin fractions were purified as described previously (Nojima et al. 2016 ) except that equal volumes of NUN1 and NUN2 buffers were used, and nuclei were lysed by five 1-sec vortex pulses every 2 min for 10 min on ice.
Western blotting
Cell lysates were electrophoresed in 8%, 10%, or 12% polyacrylamide gels, and proteins were transferred to a nitrocellulose membrane (Amersham Biosciences) by electroblotting. Proteins were detected using the following antibodies: anti-PGC-1β (Bethyl Laboratories, A302-273A), anti-PGC-1α (Novus, NBP1-04676), anti-Flag (Sigma-Aldrich, A8592), anti-β-actin (Sigma-Aldrich, A2228), anti-CBP80 (Bethyl Laboratories, A301-793A or, alternatively, Choe et al. 2010) , anti-CBP20 (Santa Cruz Biotechnology, sc-48793), anti-PABPC1 (Abcam, ab21060), anti-eIF4E (Bethyl Laboratories, A301-153A), anti-α-Tubulin (Santa Cruz Biotechnology, sc-58666), anti-P62 (BabCO, mAb414), antivimentin (Santa Cruz Biotechnology, sc-6260), anti-pSer2-RNA-PII (Abcam, ab5095), anti-GAPDH (Cell Signaling Technology, 2118), anti-NONO (Bethyl Laboratories, A300-582A), anti-myoglobin (Santa Cruz Biotechnology, sc25607), anti-MHC (Abcam, ab91506), or anti-calnexin (Enzo, SPA-865F).
Immunoprecipitations
Immunoprecipitations were performed after the addition of NaCl to 150 mM as described previously (Kim et al. 2005) , except that RNase I (Invitrogen) was used in place of RNase A, and antibodies were as described for Western blotting (see below). For tandem immunoprecipitations, C2C12 cells expressing Flag-CBP80 were lysed and immunoprecipitated using anti-Flag M2 affinity beads (Sigma). Beads were washed twice using ice-cold NET-2 buffer (50 mM Tris-HCl at pH 7.4, 150 mM NaCl, 0.05% NP-40, Complete mini, EDTA-free protease inhibitor cocktail [Roche] ). After an additional five washes using NET2 buffer, Flag-CBP80-containing complexes were affinity-eluted from the beads using elution buffer (200 µg/mL Flag peptide [Sigma] , 5% glycerol in NET2 buffer) overnight at 4°C with rocking. The second immunoprecipitation was performed for 2 h at 4°C using anti-PGC-1α that had been coupled to protein A (Roche) according to the manufacturer's instructions. Beads were washed five times using NET2 buffer, and complexes were eluted using 2× SDS sample buffer.
RT-qPCR
RT-qPCR was undertaken using the 7500 Fast real-time PCR system (Applied Biosystems), Fast SYBR Green Master mix (Applied Biosystems), and PCR primers specified in Supplemental Table  S4 . RT was performed using total-cell RNA (TRIzol reagent, Life Technologies) and SuperScript III reverse transcriptase (Invitrogen) to quantify levels of pre-mRNA, mRNA, or eRNA.
DNA oligonucleotide-directed RNase H-mediated cleavage of cellular RNPs
Cleavage was performed essentially as described (Kurosaki and Maquat 2013) . DNA oligonucleotides (Integrated DNA Technologies) were as follows: Idh3b pre-mRNA + mRNA (5 ′ -ACTTCC CCCGCGACTTC-3 ′ ), Pfkl pre-mRNA + mRNA (5 ′ -GGGACA AACCGGGTACA-3 ′ ), Sirt5 pre-mRNA (5 ′ -TGCAGGTGCGTG TCTGG-3 ′ ), and Sirt5 mRNA (5 ′ -TGCAGCCTGCCTGGGGA-3 ′ ). RNase H cleavage efficiency was assessed using RT-qPCR and primers spanning the cleavage site as specified in Supplemental  Table S4 .
RNA-seq library preparation and sequencing
The total RNA concentration was determined using the NanoDrop 1000 spectrophotometer (NanoDrop), and RNA quality was assessed using the Agilent Bioanalyzer (Agilent). The TruSeq stranded mRNA sample preparation kit (Illumina) was used for next-generation sequencing library construction following the manufacturer's protocols. Briefly, poly(A) + RNA was purified from 200 ng of total C2C12 cell RNA using oligo-dT magnetic beads and fragmented. First strand cDNA synthesis was performed using random hexamer priming followed by second strand cDNA synthesis using dUTP incorporation for strand marking. The resulting double-stranded cDNA was then subjected to end repair and 3 ′ end adenylation. Illumina adaptors were ligated to both cDNA ends. Adapted cDNA was purified using Ampure beads and PCR-amplified using primers specific to the adaptor sequences to generate cDNA amplicons of ∼200-500 base pairs. Amplified libraries were hybridized to the Illumina single-end flow cell and further amplified using the cBot (Illumina). Singleend reads of 100 nt were generated for each sample using HiSeq 2500v4 (Illumina).
